The evaluation of left ventricular (LV) compliance by use of the pressure-volume (P-V) relationship encounters several serious difficulties. Since the P-V relationship is curvilinear, it is difficult to quantitate. Furthermore, alterations of resting heart size and geometry also produce marked changes in the P-V curve. The first derivative of the P-V relationship, however, is a precisely linear function expressed by the formula dP/dV = aP + b. The slope of this linear function, a, termed the passive elastic modulus, has been shown to be independent of initial volume and primarily and predominantly determined by changes in the stiffness of the myocardium. Myocardial wall stiffness was evaluated in three groups of subjects during LV catheterization. In 13 normal subjects a= 0.005; in 13 with coronary artery disease a = 0.011; and in 12 with acute infarction a= 0.045. The differences in stiffness among the groups were highly significant (P < 0.005).
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It was concluded that a measurable change in ventricular compliance occurs with the development of coronary artery disease and that a further increase in wall stiffness occurs with the development of acute infarction. The magnitude of increase in LV wall stiffness correlated directly with immediate prognosis: 87% of those subjects with a AP/AV greater than 0.5 mm Hg/cc died of power failure during the acute stage of their illness. These alterations in compliance may invalidate certain traditional concepts of LV function and heart failure.
Additional Indexing Words:
Heart failure Pressure-volume relatic
Left ventricular end-diastolic pressure Left ventricular wall stiffness R ECENT STUDIES have suggested that decreased left ventricular (LV) compliance accompanies both coronary artery disease and acute myocardial infarction.1-6 The DIAMOND, FORRESTER Passive elastic nmodulus-the slope of the linear relationship between diastolic AP/AV and intraventricular pressure, designated "a." This index is a quantitative measure of LV wall stiffness.
Data Analysis
Previous studies from this laboratory9 have demonstrated a precise linear relationship between the instantaneous rate of change of diastolic ventricular pressure with respect to volume (dP/dV) and the simultaneous level of diastolic pressure (P) in the isolated anoxicarrested canine heart, given by dP/dV -aP + b where a is the slope of this function, previously shown to be predominantly related to ventricular wvall stiffness; and b is a constant related to initrinsic ventricular chamber size.
The data in the present study were analyzed using an approximation of this relationship by the substitution of AP/AV for dP/dV, and mean diastolic pressure, P, for instantaneous P, where AP is the arithmetic difference between LV enddiastolic and end-systolic pressure and AV is stroke volume, assuming during steady states in the absence of intracardiac shunts or valvular insufficiency that diastolic inflow equals systolic outflow.
Three consecutive LV beats immediately before and after the cardiac output determinations were averaged to obtain a single value of AP/ AV and P for each subject ( fig. 1 ). One subject with acute myocardial infarction who underwent emergency infaretectomy for uncontrolled ventricular arrhythmias was studied before and after surgery. These data were analyzed separately. It may be expected that at rapid beart rates or very high ventricular filling rates diastolic AP/AV might become falsely elevated due to incomplete ventricular relaxation and force-depenident viscous properties of muscle tissue.10 Figure 2 demoistrates, however, that AP/ AV bore Ino direct relationship to either heart rate or mean ven-tricular filling rate, AV/,At (r 0, P > > 0.05) (stroke volume divided by diastolic filling period), in the subjects studied. All subjects were in normal sinus rhythm; therefore, beat-to-beat errors referable to a variable diastolic filling cycle were avoided. Beat-to-beat variations in AV were assumed to be averaged by the cardiac output determination-s, and in AP bv analysis of multiple coinsecutive LV wNaveforms.
The validity of this assumption is primarily dependent upon the accuracy of the component measurements and the magnitude of AP. The measurement of end-diastolic pressure offered no difficulties at the heart rates observed. Endsystolic pressure, which was defined as minimum diastolic pressure, was less accurately determined, primarily due to an unknown degree of catheter overshoot. This error was minimized through the use of a mechanical damping system modified from the description of Sutterer and Wood.ll The ratio AP/AV is thus systematicallv elevated due to underestimation of eind-systolic piressuire. This erlror, however, is in some measure offset by a simultaneous underestimation of dP/dV bv AP/AV. An approximation of the error level wvas obtained by construction of chords along hypothetic P-V curves. These chords were taken as approximations of true tangents, and the overall error of the method was thus estimated to be in the range of 10%. 
Results
Comparison of Patient Populations Figure 3 summarizes results in the three patient groups. There was a general linear relationship between AP/ AV and P in eacl group. An increase in the passive elastic modulus, a, the slope of this linear plot, from group I through group III (al=0.005, a,,= 0.011, all1 = 0.045) was noted, suggesting that wall stiffness increased with the development of coronary artery disease and further increased with acute myocardial infarction. The regression lines were compared for significant difference in slope by analysis of covariance. The differences in the passive elastic modulus among the three groups were highly significant (P <0.005). There was no significant difference in passive elastic moduli associated with Figure 5 illustrates the change in compliance that occurred in a single subject who underwent infarctectomy during the acute stage of her illness. AP/AV decreased markedly after removal of the aneurysm, despite the fact that mean diastolic pressure increased and ventricular volume was surgically decreased, both of which would be expected to increase the ratio AP/AV. This fall in AP/AV suggests that average left ventricular wall stiffness decreased following removal of the stiff infarcted muscle segment. and have suggested that this results from increased LV wall stiffness. Those methods which rely upon interpretation of P-V curves, however, encounter serious conceptual difficulties. First, since the P-V relationship is curvilinear, the rate of change of volume in respect to pressure becomes steeper in the absence of changes in intrinsic wall stiffness. Second, comparison of P-V relations from different hearts is often complicated by crossing of curves such that relative compliances at low pressures may be reversed at higher pressures. The greatest interpretative difficulty, however, lies in the fact that the P-V curve is the resultant of multiple factors, only one of which is wall stiffness. Major shifts in P-V curves may be produced by changes in initial ventricular volume or geometry in the absence of any change in wall stiffness. Recent studies from this laboratory have attempted to overcome these difficulties in analysis of LV compliance.9 Thus, a precise linear relationship between instantaneous dP/dV and pressure has been demonstrated. Analysis of this relationship eliminates those problems related to comparison of curvilinear functions. The slope of this linear function, termed the passive elastic modulus, is by definition independent of pressure and was found to be unrelated to large alterations in initial volume, only slightly altered by changes in ventricular geometry, and directly and predominantly determined by wall stiffness. The extension of this mathematical P-V analysis to man encounters conceptual difficulties relating to the high rate of ventricular filling, the contribution of the mitral valve and left atrium to LV stiffness, and the approximation of instantaneous dP/dV by total diastolic ,AP/,AV. For these reasons, the calculated in vivo passive elastic modulus would not be expected to correlate directly with that obtained from analysis of isolated P-V curves. In addition to conceptual limitations in extension of these animal studies to man, several practical considerations may obtain. In the animal studies it was not possible to alter ventricular geometry without changing ventricular volume, nor was it possible to increase the intrinsic ventricular chamber size. In clinical coronary heart disease, however, significant changes in chamber geometry may occur in the absence of altered ventricular volume, and chronic increases in intrinsic ventricular chamber size are common. Within limitations, however, assuming mitral valve function to be normal and variations in ventricular geometry to be small, changes in wall stiffness may be evaluated by changes in the passive elastic modulus.
In the present study it was found that the passive elastic modulus was greater in subjects with coronary artery disease than in normal individuals; subjects with acute myocardial infarction demonstrated a further increase in this index. These increases in wall stiffness are not related to the level of end-diastolic pressure, since the passive elastic modulus is independent of pressure.9 It is also unlikely that depression of contractility secondary to myocardial disease could account for the observed changes in the passive elastic modulus, since contractile state apparently does not affect ventricular compliance.12 It was concluded, therefore, that a measurable decrease in LV compliance occurred with the development of coronary artery disease and that a further decrease occurred with the development of acute infarction.
Of particular importance is the preliminary observation that the magnitude of increase in stiffness correlated directly with immediate prognosis. Thus, 83% of those subjects with a AP/AV greater than 0.5 mm Hg/cc died of power failure during the acute stage of their illness, in comparison with 17% mortality in those subjects with a AP/AV less than 0.5. In this context it was of interest that within both the coronary artery disease group and the acute myocardial infarction groups, a history of previous infarction was not associated with greater wall stiffness. Because no serial data are available on changes in compliance following acute infarction, reasons for this observation can only be suggested. First The acute alterations in LV compliance following infarction require reevaluation of traditional concepts regarding the basis for the clinical and hemodynamic diagnosis of heart failure as it occurs in this setting. A significant number of patients with acute myocardial infarction demonstrate an elevated left ventricular filling pressure. -,,. above traditional "normal" limits. Although hemodynamic parameters such as cardiac output, stroke work, and left ventricular dp/dt may remain normal, this has been interpreted by some authors as prima facie evidence of left venitricular failure, since increased end-diastolic pressure implies increased ventricular volume. Hosono14 has shown, however, that in patients with myocardial infarction the level of left atrial pressure measured by transseptal catheterization correlated poorly with LV end-diastolic volume. Such results are to be expected since an increase in LV diastolic pressure may result solely through an increase in ventricular wall stiffness with no increase in left ventricular volume. This pressure is transmitted across the open mitral valve directly to the pulmonary X eins and capillaries and is, therefore, the proximate hemodynamic "cause" of pulmonary congestion and pulmonary edema. Thus, when increased LV filling pressure occurs in the presence of normal left ventricular chamber size and otherwise normal \ entricular function, the term "heart failure" is probably not appropriate.
The presence of rales and a ventricular filling sound are frequently taken as the clinical criteria of left-heart failure.'-Both these findings, however, may result from diminished compliance alone. Moreover, such alterations in compliance may allowv miisinterpretation of Starling LV function curves. Such curves are most often constructed by plotting ventricular filling pressure against stroke work. Analysis of these curves obtained before and following myocardial infarction has led to the conclusion that left ventricular contractility is acutely diminished.1" In fact, however, the ventricular function curve fails to distinguish diminished contractile state from diminished ventricuilar compliance ( fig. 6) fig. 7 ). In the absence of a direct measure of ventricular volume or fiber length, therefore, no conclusions can be drawn as to the relative contribution of compliance and contractility to the resultant ventricular function curves. Definitive characterization of left ventricular performance, therefore, requires simultaneous measurement of LV diastolic pressure, volume, and stroke volume. This evaluation is currently most feasible at the bedside using echocardiographic determination of ventricular volumes17 and a pulmonary artery balloon catheter for determination of LV filling pressure and stroke volume. '8 It is concluded that LV wall stiffness may be evaluated quantitatively in the intact heart by extension of mathematical concepts developed in the isolated canine heart. Such analysis has revealed that altered ventricular wall stiffness is a significant dynamic variable which must be considered in the evaluation of both acute myocardial infarction and coronary artery disease. Failure to recognize these alterations of LV compliance may lead to invalid interpretation of ventricular function and misdiagnosis of heart failure.
